Ozone emissions were measured above a``personal air purifier'' ( PAP ) designed to be worn on a lapel, shirt pocket, or neck strap. The device is being marketed as a negative ion generator that purifies the air. However, it also produces ozone within the person's immediate breathing zone. In order to assess worst -case potential human exposure to ozone at the mouth and nose, we measured ozone concentrations in separate tests at 1, 3, 5, and 6 in. above each of two PAPs in a closed office. One PAP was new, and one had been used slightly for 3 months. Temperature, relative humidity, atmospheric pressure, room ozone concentration, and outdoor ozone concentration also were measured concurrently during the tests. Average ozone levels measured directly above the individual PAPs ranged from 65 ± 71 ppb at 6 in. above the device to 268 ± 389 ppb at 1 in. above the device. Ozone emission rates from the PAPs were estimated to be 1.7 ± 1.9 g / minute. When house dust was sprinkled on the top grid of the PAPs, one showed an initial peak of 522 ppb ozone at 1 in., and then returned to the 200 ± 400 ppb range. Room ozone levels increased by only 0 ± 5 ppb during the tests. Even when two PAPs were left operating over a weekend, room ozone levels did not noticeably increase beyond background room ozone levels. These results indicate that this``PAP,'' even without significant background ozone, can potentially elevate the user's exposures to ozone levels greater than the health -based air quality standards for outdoor air in California ( 0.09 ppm, 1 -hour average ) and the United States ( 0.08 ppm, 8 -hour average ) .
Introduction
Consumer devices that generate ozone indoors are being marketed as``air purifiers'' in the United States (U.S. ) and Canada. Marketing has increased dramatically in recent years, mainly through independent distributors who advertise through flyer distribution, booths at flea markets and county fairs, demonstrations, and the Internet. Public inquiries to public health agencies concerning the health impacts and effectiveness of these devices have also increased markedly in recent years. This paper presents the results of tests of a small, new ozone -generating`p ersonal air purifier'' ( PAP ) that can be worn on a lapel, clipped to a shirt pocket, or hung from a neck strap.
Health Effects of Ozone
Ozone is the primary component of ground -level photochemical smog, as distinguished from upper-atmosphere ozone that shields the earth's surface from ultraviolet radiation. Human exposure to ground -level ozone presents a hazard to health. Short -term exposure can impair breathing (USEPA, 1996) and increase sensitivity to allergens (Delfino et al., 1996 ) . It can also irritate the eyes, nose, and throat. Ozone has a sharp, pungent odor, but exposure to ozone can quickly deaden the sense of smell during exposure. Long-term exposure to ozone may cause permanent lung damage. Ozone can also damage plants and materials such as rubber, fabrics, plastics, and metals (CARB, 1987a ) .
Ozone is widely regulated as an air pollutant in the outdoor air and in the workplace air. Table 1 summarizes a variety of ozone standards and guidelines based on protection of human health. The current California Ambient Air Quality Standard (CAAQS ) for ozone is 0.09 ppm, 1 -hour average (CARB, 1987b ) . This standard is designed to protect the health of the general public, including sensitive populations such as children, the elderly, and respiratory disease patients. It is also designed to help reduce the need for maintenance and replacement of a wide range of materials that age and deteriorate more rapidly in the presence of ozone. The U.S. Environmental Protection Agency ( USEPA, 1997 ) has recently revised the National Ambient Air Quality Standard (NAAQS ) for outdoor ozone of 0.08 ppm (8 -hour average ) in order to protect persons from the adverse health effects of multi -hour exposures to ozone. The U.S. Food and Drug Administration limit for ozone from medical devices is 0.05 ppm. This limit applies to the air circulated through the device or the air in the enclosed space intended to be occupied for extended periods of time ( FDA, 1974 ) . The World Health Organization (WHO, 1997 ) recommends maximum exposure ozone levels of 0.06 ppm ( 8-hour average ).
Ozone Generator Concerns
Concerns over public health hazards have arisen regarding devices that are marketed as``air purifiers'' or``air cleaners'' for room -or house -sized spaces but generate, by design, significant amounts of ozone indoors. Testing and modeling of such room -sized ozone generators in office rooms and chambers have shown that they can produce indoor ozone levels that exceed health -based air quality standards and guidelines (CU, 1992; Shaughnessy and Oatman, 1992; Kissel, 1993; Boeniger, 1995; Steiber, 1995; Chessor, 1998 ) . In addition, studies have shown that ozone generators do not effectively control indoor formaldehyde ( Esswein and Boeniger, 1994 ) or mold growth on surfaces ( Foarde et al., 1997 ) .
Consequently, several public institutions have acted to address these concerns. Some states have taken legal action or issued public health warnings concerning the use of ozone generators (Minnesota, 1992 (Minnesota, , 1993 NC, 1992; ADHSS, 1997; CDHS, 1997 ) . The U.S. Federal Trade Commission (FTC, 1995 (FTC, , 1998 has issued a consent order and filed suit to prevent unsubstantiated claims of aircleaning effectiveness and health benefits by manufacturers and distributors of ozone generators. In a recent report on residential air cleaners, the ALA ( 1997 ) identifies a number of problems with ozone generators and suggests that they not be used. USEPA ( 1998 ) also recently reviewed available scientific information on ozone generators. They concluded that ozone levels that do not exceed public health standards are generally ineffective in controlling indoor air pollution, and that the public should use proven methods of controlling indoor air pollution, especially source control and ventilation. In its recent public health warning on ozone genarators, Health Canada (1999) listed the affected brands and models.
Personal Air Purifier A small, portable ozone generator has recently been marketed as a PAP. This beeper-sized device fits in a shirt -pocket, weighs 4 oz, and is designed to be worn on a lapel, clipped to a shirt pocket, or hung from a neck strap. It is powered by a 9 -V DC alkaline battery or a 110 -V AC adaptor. The PAP uses a patented negative corona discharge design to produce negative ions and ozone in a small enclosed chamber. Both negative ions and ozone are discharged from the top of the device without the use of a fan. The device has a simple on/ off switch with no intermediate settings.
The manufacturer's product brochure states that the PAP produces``less than 0.04 ppm ozone, within OSHA limits, at 6 in. from grill''. In the brochure, the manufacturer recommends wearing the PAP approximately 6 in. from the nose, 4 in. from the nose if the air is polluted, and very close for outdoor use. If the wearer is a child, the manufacturer recommends moving the PAP closer to the nose than normal. It is also suggested that the PAP be used near the eyes to relieve allergy-induced itchy eyes. In the brochure, the manufacturer claims that the device eliminates many of the causes of chronic or acute respiratory problems, including mold, odors, smoke, pet dander, and toxic chemical fumes. The brochure also indicates that the PAP emits pure, clean air with only a very faint, refreshing, ozone fragrance.
The objectives of this study were to measure ozone emissions from a PAP, to assess resultant worst -case personal ozone exposure levels, and to measure resultant indoor room air concentrations of ozone. To approximate worst -case personal exposure situations for PAP users, ozone concentrations were measured in a closed office at distances from 1 to 6 in. above the PAP (the``exposure tests'' ). These distances include distances from the nose and mouth recommended by the manufacturer and distances consistent with wearing the PAP on a neck strap. Two units of the same model PAP were tested separately in a closed office; a third unit of the same model failed near the beginning of testing and could not be tested further as planned. To estimate ozone emission rates, ozone concentrations were measured while the device was in a semienclosed, non -reactive container (the``mini -chamber test'' ). In order to simulate dust and dander buildup during normal usage, ozone concentrations also were measured above the PAP after sprinkling a pinch of house dust into it ( the``house dust test''). Ultraviolet spectrophotometry, the standard measurement method for ozone in the outdoor ambient air, was used for all ozone measurements. This method also is recommended by the FDA (1974 ) for testing medical devices.
Methods

Test Room
A test room with the following test conditions was selected in order to permit unambiguous interpretation of the results and assure repeatability: reasonably controlled and stable conditions, including temperature, humidity, and wind speed; no potential interferences such as ozone, nitrogen dioxide, and hydrocarbons from either indoor or outdoor sources; and a minimum of fabric or porous surfaces that remove indoor ozone. Two types of power supplies, new 9-V DC alkaline batteries and a 110 -V AC adaptor, were used for the PAP; these are consistent with the manufacturer's operating instructions. A small office ( approximately 33 m 3 ) was used as the test environment. The building is located in a moderately dense, urban, mixed residential /commercial neighborhood near downtown Sacramento, California. The office room was sparsely furnished with low -pile commercial carpeting, painted wallboard, bookshelves, a metal desk, three desk chairs, and masonite panels in a drop -ceiling.
Prior to conducting the main tests, preliminary tests of the PAP were conducted. Background indoor concentrations of ozone measured at the center of the room were 3 ± 5 ppb. Two PAPs were then operated on the desktop continuously for 2 days in the closed office environment. Room indoor ozone levels remained at 3± 5 ppb during that period.
Preliminary testing of ozone levels directly above the PAPs showed large variations in ozone levels. Some of those variations were suspected to be attributable to crossdrafts. Therefore, to minimize cross -drafts and air exchange rate, the forced air supply and return registers near the ceiling were blocked off and the room's two doors were closed. A piece of cardboard also was placed between the PAP and the ozone monitoring equipment to avoid crossdrafts from the ozone analyzer case fans. One or two persons usually sat in the room during the tests to maintain monitoring equipment and record data. The main testing effort occurred over 2 weekdays in March 1997.
During the main tests, the environmental conditions were fairly constant. At the start of the various tests, background room concentrations of ozone ranged from 3 to 5 ppb (instantaneous measurement ) in the morning, and from 6 to 7 ppb in the afternoon. Nearby outdoor concentrations of ozone ranged from 21 to 38 ppb (hourly average ) during the exposure assessment tests, and from 13 to 25 ppb during the mini-chamber and house dust tests. Environmental conditions in the test room were 24 ±288C, temperature 33 ± 37% RH, 761 ±763 mm Hg atmospheric pressure, and 0.03 ±0.12 cm /second wind speed. The office doors were opened between tests to prevent excessive heat buildup.
Equipment
Three PAPs were initially available for testing. Unit 1 was used for approximately 72 hours prior to testing, while Units 2 and 3 were new and just received from the retail distributor. Units 1 and 2 were operated for the 2 days of preliminary background ( indoor room air ) testing prior to the main testing. However, during the main testing, Unit 2 malfunctioned after only 7 minutes of operation. The remaining tests were conducted using only Units 1 and 3. Figure 1 illustrates the positioning of the PAP ozone sampling inlet and the air velocity sensor. Ozone was measured directly above the PAPs, indoors near the center of the office room, and outdoors. Two Advanced Pollution Instrumentation, Inc. Model 400 (API 400 ) ozone analyzers located on the desk in the office were used, one to measure ozone directly above the PAP and one to measure the``background'' indoor air ozone levels in the office room. The sampling inlet above the PAP was anchored to a laboratory ring stand. The background analyzer sampled from a Teflon 2 tube that was 39 in. from the PAP output. The exhaust tubes from the ozone analyzers were routed to outside the office. Outdoor ozone was measured on the second story roof of the same building by an API 400 at the California Air Resources Board ( CARB ) ambient air monitoring station.
The PAP was placed in an upright position on the desktop. A fresh 9-V alkaline battery was placed in the PAP, or the AC adaptor was used. An inverted 608 glass funnel was connected to the Teflon 2 sampling tube and set to the pre -selected height above the PAP. Initial readings for all monitors were taken, and then the PAP was switched on. The ozone analyzers were calibrated before and after the testing, according to standard CARB protocol using NIST-traceable ozone and flow standards. For all tests, room temperature, relative humidity, air velocity (8 in. to the side of the PAP ), atmospheric pressure, and indoor room ozone concentrations also were measured and recorded at the same time intervals as the ozone measurements at the PAP. The flow rates of the ozone sampling tubes, after correcting for tube length and residence time, were 817 cm 3 /minute for the PAP sampler and 783 cm 3 / minute for the background sampler. This funnel sampling system is not an exact replicate of human breathing zone conditions and realworld use conditions, but it provides a close approximation.
Exposure Tests at Different Heights
Instantaneous measurements of ozone levels were first taken at 1-minute intervals over a 10-minute period (10 -minute test ). Individual tests were conducted at 1, 3, 5, and 6 in. from the top of the PAP to simulate different modes of use that are suggested by the manufacturer. Measurements were then made at 5 -minute intervals over a 60 -minute period at 1 in. above the PAP (60 -minute tests ). These tests were repeated for the second PAP. These tests were designed to characterize reasonable worst -case exposures and to examine the stability of the PAP emission rates.
All 10-minute tests and the 60 -minute test of Unit 3 were conducted using battery power. Fresh batteries were installed at the beginning of each day, and pre -and posttest voltage checks were performed. Battery voltage ranged from 8.7 to 9.3 V over the course of testing. When the AC adaptor was used with Unit 3 for 5 minutes after a 10 -minute test under battery power, the ozone levels dropped slightly (221 ppb to 217 ppb). Consequently, the AC adaptor was used for the 60 -minute test of Unit 1 and for all mini -chamber and house dust tests. Figure 2 illustrates the layout for the PAP mini-chamber tests. The PAP was placed inside a clean glass cylinder with a Tedlar 2 bag attached tightly to the top edge. The bag's Teflon 2 valve was attached to the ozone sampling line. Ozone concentrations were measured and recorded at 1 -minute intervals. Each PAP was operated until its output stabilized. The ozone analyzer's sample flow rate was measured before and after each run with a certified flow standard. Data from this test were then used to quantify the ozone emission rate for each PAP.
Mini -Chamber Test
House Dust Test
To simulate the effect of dust and lint buildup in the PAP over time, we sprinkled house dust into the PAP before operating it. The non -fibrous portion of house dust was collected from an upright vacuum cleaner. A pinch of house dust was sprinkled over the ionizing grid of each PAP. The PAP was then turned on, and ozone emissions were measured for 10 minutes at 1 in. above each PAP, as was done for the exposure tests. For 10 -minute tests, n = 10, measurements made every minute; for 60 -minute tests, n = 12; measurements made every 5 minutes. b 9 VDC is a fresh 9 -V DC alkaline battery. 110 VAC is a 100 -V AC transformer.
Ozone emissions Phillips et al. Table 2 shows the results from the 10 -and 60-minute tests. Ozone levels during the 10-minute test averaged 304 and 389 ppb at 1 in. above the PAP, 185 and 199 ppb at 3 in., 90 and 108 ppb at 5 in., and 71 and 65 ppb at 6 in., for Units 1 and 3, respectively. As expected, the ozone levels were highest at the 1 -in. height and decreased with distance above the device. Ozone levels from Unit 3 in the 10-and 60 -minute tests were greater than those from Unit 1, except at 6 in. Figure 3 shows the time series of ozone levels during the 10 -minute tests at 1 in. Ozone levels above the PAPs increased quickly after the PAPs were turned on and reached steady-state levels by the first minute. Ozone levels then fluctuated somewhat during the 10-minute tests. At the greater heights above the PAP, smaller fluctuations in ozone levels usually occurred during the 10 -minute tests, as shown by the standard deviations in Table 2 . Figure 4 shows the time series of ozone levels during the 60 -minute tests. During the first 10 minutes of the 60-minute tests, ozone levels above Units 1 and 3 averaged 295 and 375 ppb, respectively. These ozone levels are within 15 ppb of the mean ozone levels in the 10 -minute tests at 1 in., indicating that these replicate tests were very consistent. Larger variations were seen during the 60-minute tests, relative to the 10 -minute test results. Both Units 1 and 3 produced a similar pattern in which ozone levels dropped sharply between the first 20 and 30 minutes Ð decreases of 51 ppb and 144 ppb, respectively. By the end of 60 minutes, Unit 3 ozone levels had decreased from the initial peak by 180 ppb, while Unit 1 ozone levels had returned to initial peak values. Figure 5 shows the results of the mini -chamber (emission rate ) test. In this test, ozone levels climbed rapidly and began leveling off at 3 ±5 minutes. Ozone levels from Unit 1 reached a maximum of 1214 ppb at 8 minutes; Unit 3 reached its maximum of 1128 ppb at 13 minutes. After Unit 1 was turned off, the drop in ozone levels displayed an exponential decay. Using the mean ozone concentrations at minutes 5± 14 and the measured flow of the sampling lines, the emission rates were calculated to be 1.9 g/ minute for Unit 1 and 1.7 g/minute for Unit 3.
Results
Exposure Tests at Different Heights
Mini -Chamber Test
House Dust Test Figure 6 shows the results of the house dust test. In the house dust test of Unit 3, ozone levels jumped rapidly to 500 ppb within 1 minute after the house dust was sprinkled over the grill, then dropped rapidly in the next minute to 250 ppb and oscillated around 300 ppb. Except for the initial 500 ppb spike, these levels are comparable to the 300 ±400 ppb measured previously in the exposure tests.
Unit 1 exhibited a different pattern than Unit 3 during the house -dust test Ð ozone levels were initially less than half of the 400 ppb observed earlier, and then increased steadily and leveled off at about 400 ppb after 7 minutes.
Room Air Ozone Concentrations
Room ozone levels increased only slightly during the testing Ð the increases in ozone levels ranged from 0 to 5 ppb by the end of the tests. At the end of the tests using the funnel sampler, room concentrations of ozone were 5 ±8 ppb for the 10 -minute tests, 10 ppb for the 60-minute tests, and 3 ppb for the house dust tests.
Discussion
Results from the exposure tests in this study show that the PAP can present a potential health hazard when used as directed by the manufacturer. As shown in Figure 7 , at 6 in. above the PAP, both units exceeded the FDA standard for medical devices and the WHO 8-hour air quality guideline level of 60 ppb. Both devices also exceeded the healthbased CAAQS 1 -hour level (90 ppb ) and the NAAQS 8-hour level (80 ppb ) at up to 5 in. above the PAPs. One of the PAPs produced ozone levels that exceeded the 8 -hour worker health standard level of 100 ppb at 5 in. above the device, and the other unit came very close to that standard level. Although the results of 10 -minute data cannot be directly compared to 1-and 8 -hour air quality standards and guidelines, the 10 -and the 60 -minute data indicate a potential for harmful exposures at these longer periods.
Following the manufacturer's recommendations to hold the device very close to the nose during outdoor use could, under calm conditions, cause exposures of 300± 400 ppb for extended periods, and short -term peaks of 500± 600 ppb. This would exceed the CalOSHA (1991 ) Short -Term Exposure Limit of 300 ppb ozone (15 minutes ) , and pose an even greater health hazard. Although the manufacturer's brochure states that the PAP ozone emissions are less than 40 ppb at 6 in., our results show that they are well above that level when following the manufacturer's operating instructions. The cause of this difference is unclear but could involve differences in test conditions such as cross drafts, air exchange rate, and sampling equipment.
The exposure estimates from this study approximate reasonable worst -case conditions, but these estimates may actually be somewhat conservative. In normal use, in lesscontrolled conditions than those used in this study, ozone levels could be reduced before reaching the user's nose and mouth. This would result from dilution by cross -drafts, sink effects from clothing and facial hair, and removal by reactions with indoor nitrogen dioxide and unsaturated hydrocarbons. However, cross -drafts and wind speed can often be minimal in a home when a person is seated, the forced air system is not operating, and the windows are closed. More important, background indoor levels of ozone can easily reach 30± 100 ppb during an outdoor ozone (smog ) episode, depending on the type of building ventilation method in operation and on the``fleeciness'' of building interior furnishings ( Weschler et al., 1989; Geyh et al., 1997; Avol et al., 1998 ) . The increase from these elevated background levels could push total personal ozone exposure up to well above 100 ppb for several hours, and even above 200 ppb, when the PAP is worn at 5 in. or fewer from the nose or mouth.
Results also show that the ozone emissions are highly variable from minute -to -minute, over longer periods of time, and between units. There was little fluctuation in room temperature, pressure, relative humidity, or air velocity during the testing. This suggests that the PAPs are inherently quite variable in their ozone output over time. Some of this variation may be due to fluctuations in battery power or line current. It is not clear whether this variation would be toward lower or higher ozone levels during normal usage over the life of the PAP.
The type of power supply did not have a large effect when Unit 1 was switched from battery power after a 10-minute test to AC power and operated for 5 minutes. The ozone levels at 1 -in. height were 221 ppb with battery power and 217 ppb with AC power. However, for the 60-minute test of Unit 3 on AC power, the mean ozone level was noticeably less (a difference of 97 ppb) than the corresponding means for the 10 -minute tests on battery power ( see Table 2 ). The difference between 60 -and 10-minute means for Unit 1 on battery power ( 36 ppb ) was less dramatic. The large fluctuation in ozone levels in both 60 -minute tests suggests that this temporal variability may be typical of the PAP, perhaps due to the build up of deposits or heat in the PAP.
In addition, one of the new units failed prematurely, suggesting the possibility of variable quality control in the production of the PAPs. The wide variations in ozone levels observed over 60 minutes suggests that longer exposure tests (60 minutes or more ) are necessary to fully capture these variations in ozone emissions.
The results of the mini -chamber tests provided emission rate estimates under the most controlled conditions, i.e., no cross -drafts and upward displacement flow toward the sampling inlet. The emission rates of the two PAPs differed by about 10%, but unlike the results in the exposure tests, Unit 1 had the higher emission rate. Possible explanations for this inconsistency include experimental method differences and inherent variability in PAP emissions.
The emission rate estimates obtained here ( < 2 g/ minute ) are much less than the 670 ±18,580 g /minute maximum emission rates advertised for room -size ozone generators, as summarized by Kissel ( 1993 ) . Although the PAP emission rate is small and did not notably affect room air ozone levels, the ozone source is in very close proximity to the breathing zone when used as the manufacturer suggests. Thus, the PAP can have a large impact on personal exposure relative to its size and emission rate.
The results of the house dust tests suggest that dander and clothing fibers from a person's head and shoulders could cause brief spikes in ozone generation. In addition, dust buildup in the PAP during storage in a house or car, especially if the PAP is uncovered, could also produce large initial spikes in ozone generation when the unit is used. Alternatively, as shown by the performance of Unit 1, the rise in ozone levels may be reduced during the first few minutes of operation. The different emission patterns for each unit may have been due to the very imprecise method of sprinkling house dust by hand above the PAP. During actual,``real -world'' use of the PAP, different types of dust and levels of dust / dirt buildup may have an even greater effect on ozone emissions than that observed here. Future testing of these devices should examine the effect of such dust -related variables.
The test methods used in this study appeared to work well. The results of replicate tests ( 10-minute test versus the first 10 minutes of the 60 -minute tests) were very consistent. The sample size for this study ( two PAPs ) was very small, but both of the PAPs produced ozone levels that could readily elevate ozone exposures above various health -based standards and guidelines. This consistency within and between the two PAPs suggests that a larger sample would produce ozone levels in the same range as those observed here. Future testing of these devices should include more replicate samples, especially for 60 minutes at 4 ± 6 in.
In summary, the emission rate of the PAP is not high relative to other indoor ozone sources, but because it is worn so close to the user's breathing zone, the PAP can produce potentially hazardous levels of personal exposure to ozone. The health hazard to the PAP user is increased if the ozone levels are already elevated as a result of outdoor air pollution, which is often the case in urban areas. The indoor air levels of ozone resulting from the use of one or two PAPs were found to be negligible. The results of this study indicate that these devices should not be used anywhere near the breathing zone, particularly by individuals who are especially susceptible to the adverse effects of ozone such as children, and persons with asthma, other respiratory diseases, or allergies.
